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for extreme accuracy

ATLANTIC Model R DENSITOMETER
shown actual size

a truly professional instrument
reads transmission densities

between 0.60 and 1.40

also reads base densities below 0.60
meter scale divided into 0.05 increments
factory-calibrated to accuracy of ±0.02

.
±yy' :
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Specifications:

EASY-TO-USE . . a ‘must’ working tool for the

project supervisor, inspector, department head

. . . anyone involved in quality control!

Full guarantee against defective materials and
workmanship

ATLANTIC Model R DENSITOMETER
Dimensions:
Weight:
Power:

3"w x 4"h x 2"d
10 oz.

2 AA Mercury batteries

(good for a full year
at normal usage)

atlantic microfilm corp.
„J yy Spring Valley, New York



TELEPHONE: 9 14-35 6-2TOO

Spring Valley, New York, 10977
,
U. S. A.

May 5, 1966

Mr. J. Nelson, Systems Consult.
Box 1546
Poughkeepsie, New York

Gentlemen

:

Thank you for your recent inquiry concerning our MJR-85-A
Reader and Densitometer as forwarded through Systems magazine.

We enclose literature on items which we trust you
will find of interest.

Your inquiry is indeed appreciated, and we would like
to hear further from you regarding your specific
requirements and how we may be of assistance.

Very truly yours

,

ATLANTIC MICROFILM CORPORATION

Frank N. Brady
Director Of Sales
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GENERAL INFORMATION

Piezoelectricity Defined

Piezoelectricity is “pressure electricity”. It is a property of certain

crystals such as quartz, Rochelle salt, tourmaline, barium titanate.

As the name implies, electricity is developed when pressure is

applied to one of these crystals. The reverse effect also is present.

When an electric field is applied the crystal changes shape. Piezo-

electricity was discovered by Pierre and Jacques Curie in the 1880’s.

Piezoelectric Materials

In this booklet we will present data for piezoelectric materials in

common use as— electromechancial transducers. These include

Rochelle salt, ammonium dihydrogen phosphate (ADP) and lithium

sulphate crystals, barium titanate and four variations of lead zir-

conate— lead titanate (PZT) ceramics. The ceramics are polycrystal-

line in nature and do not have piezoelectric properties in their

original state. Piezoelectric behavior is induced in these materials

by a polarizing treatment (poling).

Piezoelectric Actions

The deformation of a body of piezoelectric material that results from
the application of an electric field and conversely the nature of the

deforming forces required to develop an electric charge depend on
the type of piezoelectric material. The possible piezoelectric actions

are illustrated in connection with plates of piezoelectric material in

Fig. 1. Generally two or more of these actions are present simulta-

neously. In some cases one type of expansion is accompanied by

another type of contraction which compensate each other resulting

in no change of volume. For example, the expansion of length of a

plate may be compensated by an equal contraction of width or thick-

ness. In some materials, however, the compensating effects are not

of equal magnitude and net volume change does occur. In all cases,

the deformations are very small when amplification by mechanical
resonance is not involved. The maximum displacements are on the

order of a few microinches.

Piezoelectric Plate Designations and Crystal Cuts

The magnitude and character of the piezoelectric effect in any
piezoelectric material is greatly dependent on the orientation of the

y
applied force or the electric field with respect to the axes of the

material. These axes constitute a coordinate system which was
established by crystallographers for the purpose of simplifying

discussions of crystals. In the case of piezoelectric ceramics, the

axes are established with reference to the direction of the electric

field originally applied during the poling operation. To illustrate

typical forms of whole crystals and to show the crystallographic axes
> is« » v^rysis I s and Ax0 s.

with respect to these crystals, a number of crystals are shown in

diagrammatic form in Fig. 2.

Piezoelectric crystal elements are made from slabs cut from the
crystal rather than from the whole crystal itself. These slabs are

known as “cuts” and are identified by the axis perpendicular to the
largest face of the cut. Thus, if a slab is cut with its major faces

perpendicular to the X crystallographic axis, it is known as an
“X-cut”. The plates cut from these slabs are further designated by
their angular orientation with respect to the other two crystal-

(A) THICKNESS SHEAR

(D) TRANSVERSE EXPANSION

Fig. 1. Basic Deformations of Piezoelectric Plates.
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lographic axes. A plate cut from an X-cut slab, with its edges parallel

to the Y and Z axes, is designated as a “0° X-cut plate”; whereas, if

the edges are at a 45° angle with respect to the Y and Z axes, it is

designated as a ‘‘45° X-cut plate”, etc. (The Standards on Piezoelec-

tric Crystals, 1949, of The Institute of Radio Engineers, designate

plate orientation in a different manner. For example, a 45° X-cut

Rochelle salt plate is designated as xyt 45°. Since many people are

familiar with the method of designating plates which we have
described, and since this method is still in most common usage,

we will use it throughout this booklet.)

Piezoelectric Actions Available from Various Materials

In piezoelectric ceramic materials, the directions of the electrical

and mechanical axes depend upon the direction of the original d.c.

polarizing field. During the poling process a ceramic element ex-

periences a permanent increase in dimension between poling

electrodes and permanent decrease in dimensions parallel to the

electrodes.

When a d.c. voltage of the same polarity as the poling voltage but

smaller magnitude subsequently is applied between the poling

electrodes, the element experiences further but temporary ex-

pansion in the poling direction and contraction parallel to the

electrodes. Conversely, when d.c. of opposite polarity is applied, the

element contracts in the poling direction and expands parallel to

the electrodes. In either case, the element returns to the original

poled dimensions when the voltage is removed from the electrodes.

These effects are shown, greatly exaggerated, in Fig. 3. The thick-

ness and transverse effects are not of equal magnitude, accordingly

there is a small volume change when voltage is applied to the

electrodes.

POLED ALONG THIS AXIS, TOP ELECTRODE +DURING POLING

Fig. 3. Basic Deformations of Piezoelectric Ceramic

Plates.

When compressive force is applied in the poling direction or

tensile force is applied parallel to the electrodes, the voltage that

results between electrodes has the same polarity as the original

poling voltage. Reversing the direction of the applied force reverses

the polarity of the resulting voltage between electrodes.

When the poling electrodes are removed from a ceramic element
and the element is provided with signal electrodes perpendicular to

the poling direction and a voltage is applied, shear takes place

around an axis perpendicular to both the poling and signal direc-

tions. This is illustrated in Fig. 4. When shear forces are applied,

corresponding voltage appears between the signal electrodes.

Rochelle salt and ADP provide face shear action (Fig. IB). The
X-cut of Rochelle salt has the strongest piezoelectric action of any
material commercially available but only in a very limited tempera-
ture range. The piezoelectric activity of the Z-cut of ADP is suffi-

ciently strong to make this crystal very useful in underwater sound
applications. Plates of Rochelle salt and ADP cut with edges at 45°

to the other two axes (parallel to the diagonals of face shear plates

in Fig. IB) exhibit transverse expansions of opposite sense in the

length and width directions as illustrated in Fig. 5.

The Y-cut of lithium sulphate is the only cut for this material in

common use. It has a strong thickness expansion effect and, in

addition, has two much weaker transverse expansion effects (length

and width) which are opposite in sign, but unequal in magnitude.
These transverse effects are much weaker than the thickness

effect, and thus compensate only to a slight degree resulting in a

substantial volume expansion.

POLED ALONG THIS AXIS

Fig. 4. Shear Action of Ceramic Plates.

Fig. 5. Action of 45° X-Cut Rochelle Salt

and 45° Z-Cut ADP.

2



Fig. 6. High Voltage Generator.

RUBBER COVER OIL

Fig. 7. Underwater Sound Transducer.

RUBBER COVER

Fig. 8. Measurement Hydrophone.

Fig. 9. Compression Accelerometer.

Fig. 10. Ultrasonic Cleaning Transducer.

Applications of Simple Piezoelectric Elements

Fig. 6 illustrates the use of simple piezoelectric elements in a high

voltage source for gasoline engine ignition. A cam driven by the

engine actuates a lever which applies varying axial force to two
PZT-4 ceramic cylinders. The cylinders are electroded on their end
faces and are stacked with like polarity electrodes facing each other

so that the driven and support ends may be at ground potential. A
device of this type has been used successfully on small lawn mower
gas engines developing ignition potentials in the order of 20,000 volts.

The underwater sound transducer shown in Fig. 7 illustrates an

application of ADP crystal plates. A group of transverse expander
(45° Z-cut) plates is stacked together with interleaved, parallel con-

nected foil electrodes. The ends of the plates of the crystal stack act

together in a piston-like action and are coupled to the water through

the rubber housing and the oil which surrounds the stack. Since the

edges of the plates are also pressure sensitive, acoustic shielding

of a material such as “Corprene” or “Cell-tight” foam rubber is

placed around these edges to prevent their piezoelectric action

from coupling to the oil and cancelling the acoustic output of the

exposed ends.

Fig. 8 illustrates a sound pressure measurement hydrophone
which employs, in this instance, a stack of thin parallel-connected

Y-cut lithium sulphate plates. Since this material has a strong piezo-

electric volume expansion effect, it is not necessary to provide

acoustic shielding for the edges of the plates.

Fig. 9 illustrates a simple form of piezoelectric accelerometer

suitable for measuring vibratory accelerations occurring over a wide

range of frequencies. It consists of two PZT-5 ceramic discs sand-

wiched between a mass and a supporting base. The assembly may
be glued or clamped together. Vibratory acceleration applied to the

base in the direction indicated produces corresponding forces of

compression across the thickness of the discs due to the inertia

reaction of the mass. Thus voltages corresponding to the applied

acceleration are generated in the discs.

Fig. 10 illustrates the use of piezoelectric ceramic elements in an
ultra sonic cleaning application. Two PZT-4 ceramic discs a re clamped
between a light metal support and a reaction mass. The support is

securely attached to the cleaning tank. The composite assembly
has a mechanical resonance determined by the combined effects

of mass and stiffness in the metal and ceramic parts. When the

ceramic discs are driven by ac power at the frequency of mechanical

resonance, the assembly vibrates at high intensity inducing violent

agitation of the liquid in the tank.

Application of Shaped Ceramics

Since piezoelectric ceramic materials can be fabricated in a wide

range of sizes and shapes, they lend themselves to designs for

particular applications which would be difficult, if not impossible,

to achieve with single crystals. Fig. 11 illustrates a typical underwater
transducer which utilizes a hollow ceramic cylinder polarized through

the wall thickness. It is approximately the equivalent of a length

expander plate bent into a cylinder. In this application the ends of

the cylinder are capped to shield the inner cylindrical surface from
the acoustic medium. Since the outer cylindrical surface exposed
to the water is of large area in comparison to the cross-section of the

ceramic material, the mechanical impedance of the element is

much lower than a solid element of the same dimensions, which
permits a better acoustic match between the piezoelectric element



and the medium through which it is to operate.

Fig. 12 illustrates use of thickness shear adapted to a cylindrical

shape. Before assembly, the ceramic cylinder was polarized in the

length direction employing temporary end electrodes. Then perma-
nent cylindrical electrodes were applied and the element cemented
to the central supporting stud and the cylindrical weight added.
Vibratory acceleration applied to the base in the direction indicated

produces corresponding shear stresses in the walls of the cylinder

due to the innertia reaction of the mass. Thus voltages correspond-

ing to the applied acceleration are generated in the cylinder.

Mechanical and Acoustical Impedance Considerations

The mechanical or acoustical impedance of crystal plates or

ceramic shapes is of the same order of magnitude as that of solids

or liquids. For this reason, these elements are well suited to under-

water sound applications and those mechanical applications where
large forces with small displacements are involved. Since these

impedances are of several orders of magnitude greater than those

of gases, the transfer of energy to air, for example, is poor. For air

acoustical applications and such mechanical applications as phono-
graph pickups, where small forces with comparatively large dis-

placements are involved, some system of levers is indicated to

obtain a better impedance match.

END CAP CERAMIC CYLINDER END CAP

Fig. 11. Underwater Sound Transducer.

“Bimorphs” and “Multimorphs”

“Bimorph” is the trade name for a flexing-type piezoelectric ele-

ment developed by Clevite, which has the capacity for handling

larger motions and smaller forces than single piezoelectric plates.

This element consists of two face-shear plates or two transverse-

expander plates secured together face to face in such a manner that

a voltage applied to the electrodes causes the plates to deform in

opposite directions, resulting in either a twisting or a bending
action. Conversely, depending on its construction, mechanical
twisting or bending of the element will cause it to develop a cor-

responding voltage between electrode terminals.

“Multimorph” isthetrade name fora single piece ceramic bender
element that operates on the same principle as the “Bimorph”. It is

illustrated in Fig. 13. The graphite coatings on the walls of the

tubular openings running the length of the element together cor-

respond to the inner electrode of the “Bimorph”.

The displacement of the “Bimorph” or “Multimorph” in re-

sponse to an applied voltage is many times greater than the cor-

responding displacement of a single plate. Thus “Bimorphs” and
“Multimorphs” have, in effect, “built-in” levers to provide or re-

quire much greater motion but less force than single plates.

We have illustrated in Fig. 14, greatly exaggerated, the curvature

developed in a twister and a bender crystal “Bimorph”, and in a

benderceramic “Bimorph” or “Multimorph” with an applied voltage

or, conversely, the twisting or bending which should be mechanically

induced to cause the element to generate a voltage. Note the dif-

ference between the deformations of crystal and ceramic bender
elements which arise from the differences in transverse expansion

in the two materials.

The electrical connections to the “Bimorphs” may be arranged in

different ways depending on the requirements of the application.

The connections may be to the two outer electrodes, with no con-

nection to the face to face electrodes in the middle of the assembly
as shown in Fig. 15A. This is known as the series connection.

SILVER

ELECTRODES

THRU HOLES, WALLS COATED WITH GRAPHITE

Fig. 13. “Multimorph”

Fig. 14. Curvatures of “Bimorphs” and “Multimorph”

B PARALLEL “BIMORPH” A SERIES “BIMORPH”

Fig. 15. Parallel and Series Connections
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In the parallel connection, Fig. 15B, one lead goes to both outer

electrodes, and the other lead goes to the face to face inner elec-

trodes. The series and parallel connections cannot be used inter-

changeably for the same “Bimorph”. In the case of crystal “Bi-

morphs”, the required orientations of the two plates with respect to

the crystal axes are different for series and parallel connections and

accordingly the type of connection must be determined at the time

of manufacture. In the case of ceramic "Bimorphs” and “Multi-

morphs”, the type of connection depends on the direction of

polarization in one plate with respect to the other, and accordingly

also must be determined at the time of manufacture. The series

connections develop twice the voltage of the parallel connections

for the same driving force, but provide only half the displacement of

parallel elements for the same applied voltage. The electrical im-

pedance of the series element is four times the impedance of a

parallel element.

DRIVING POINT

1

THREE CORNER MOUNTING
RECTANGULAR TWISTER

"BIMORPH”
(A)

DRIVING POINT

END SUPPORTED, CENTER DRIVEN
BENDER "BIMORPH"

(C)

TORSIONAL MOUNTING
RECTANGULAR TWISTER

"BIMORPH"
(B)

DRIVING POINT

CANTILEVER MOUNTING
BENDER "BIMORPH"

(D)

Fig. 16. Typical “Bimorph” Mountings

Mounting and Driving “Bimorphs” and “Multimorphs”

The performance of a" Bimorph’,’ is greatly influenced by the manner
in which it is mounted and driven. An ideal mounting member
should prevent any motion of the element at its mounting points in

certain directions, while offering no resistance to the movement
of these same points in other directions. An ideal driving member
should impart the desired reciprocating or twisting motion without

interfering in any way with the normal flexure of the element.

There are many ways of mounting and driving"Bimorph”. Fig. 16

illustrates several of the more common of these methods, with a

three-corner mounting for a twister element shown at (A), a tor-

sional mounting for a twister element shown at (B), an end sup-

ported center drive mounting for a bender element shown at (C),

and a cantilever mounting for a bender element shown at (D). I n the

case of the three-corner mounted twister“Bimorph’’ illustrated in

Fig. 16A, an ideal mounting should prevent the three corners from

moving vertically with respect to the base, but these supports

should not interfere in any way with the normal flexure of the ele-

ment. A truly reciprocating drive connection in this same example

would have to be supplied with some sort of pivot arrangement,

since the angle of the drive pin with the crystal face is 90° only while

the element is at rest.

Ideal mounting and driving conditions can be approached in the

laboratory but are generally far from realized in practical designs

suitable for quantity manufacture. In practice, “Bimorphs” and

“Multimorphs”generally are cemented to, or clamped between, soft

rubber or plastic pads located at the appropriate mounting points.

In some cases, the elements are cemented to rigid supports of

small area, relying on flexibility of the cement, or the element

itself, to permit normal flexure of the element as illustrated in Fig.

14. Of course, some of the energy which would otherwise be useful

in the vibrating system is required to flex the mounting members
thus reducing the sensitivity of the device. Nevertheless, practical

considerations usually dictate the use of such mountings and they

do offer the advantage over ideal mountings that they introduce

some mechanical damping to the vibrating system, which is gener-

ally desirable for control of the frequency response of the device.

5



Applications of “Bimorphs” and “Multimorphs”

Fig. 17 shows the use of Crystal Bender “Bimorph” elements (A) and
Ceramic “Multimorph”elements(B) in stereo phonograph cartridges.

The two elements of a cartridge are disposed at 90° to each other

and at 45° to the record surface. One end of each element is sup-

ported in the cartridge housing by soft clamping pads. The “front”

ends of the elements are embraced by a soft plastic member, the

bottom of which engages a record stylus. Signals recorded in one
wall of the record groove cause the stylus to vibrate and deform the

plastic coupling member toward and away from the face of one
element. The vibratory forces exerted on that element cause a

corresponding signal voltage to appear at the terminals of the

element. Since the other element is disposed at 90° to these vibra-

tions, it receives no flexing forces and produces no signal voltage.

In a like manner, signals recorded in the other wall of the record

groove cause corresponding signal voltage to be developed only by
that other element. Some mechanical vibratory energy imparted to

the system by the record is dissipated in the soft coupling member
and clamping pads thereby providing sufficient damping to control

resonances in the system.

A piezoelectric microphone employing a ceramic “Multimorph” is

illustrated in Fig. 18. The “Multimorph” is supported near one end in

a modified cantilever arrangement. The supports are metal angle

pieces which serve also as electrical contacts to the two electrodes

of the “Multimorph”. The diaphragm is pressed against and ce-

mented to the “free” end of the “Multimorph”. Sound pressure

variations actingon the diaphragm are imparted to the “Multimorph”
as vibration forces tending to bend the "Multimorph”. Thus the

“Multimorph” generates voltages corresponding to the actuating

sound pressure. Acoustic damping of the vibratory system is pro-

vided by a layer of cloth glued to the inner surface of the perforated

cover.

Fig. 19 shows the construction of an earphone employing a parallel

connected ceramic “Bimorph”. The “Bimorph” is supported near

its ends by metal clamps which also serve as electrical connections
to the outer electrodes. A thin metal vane sandwiched between the

ceramic plates of the “Bimorph” protrudes at one end for electrical

connection to the inner electrodes. The diaphragm is coupled to the

center of the “Bimorph” by a small plastic clip. Signal voltages

applied to the “Bimorph” cause it to have corresponding vibrations

which are imparted to the diaphragm. The diaphragm converts

these vibrations to sound pressure variations at the users ear. A
disc of porous metal in the cover introduces acoustic damping to

control mechanical and acoustical resonances of the vibrating

system.

Circuit Considerations

To obtain optimum performance from a piezoelectric device, the
circuit to which it is connected must have certain characteristics

which are dictated by the design of the device. In discussing this

subject, it is convenient to divide piezoelectric devices into two
broad categories— non resonant devices and resonant devices.

Non resonant devices are so named because they are designed to

operate well below resonance, or over a relatively large frequency
range, usually several octaves. Usually all or most of the operating

frequency range lies below the resonant frequency of the device.

However, in some cases, the useful frequency range includes the
frequencies of one or more resonances. In such cases, heavy
damping generally is employed. Non resonant devices include

CRYSTAL BENDER ''BIMORPHS" STYLUS TO CRYSTAL

(A)

(B)

Fig. 17 Stereo Phonograph Cartridges

A. Crystal ‘'Bimorph”

B. Ceramic “Multimorph”

DAMPING CLOTH

Fig. 18 “Multimorph” Microphone

DAMPING
DISC

CERAMIC
BIMORPH

Fig. 19 Ceramic “Bimorph” Headphone
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phonograph pickups (Fig. 17), microphones (Fig. 18), headphones
(Fig. 19), accelerometers (Figs. 9 and 12), high voltage sources (Fig.

6), and some underwater receiving transducers (Figs. 8 and 11).

Resonant devices are designed to operate at a single frequency,
the mechanical resonance frequency of the device, or over a band
of frequencies usually less than an octave, which band includes the
resonance frequency of the device. Resonant devices include ultra-

sonic transducers (Fig. 10) and underwater power transducers.

Fig. 20. Non Resonant Mechanically Driven Device

Fig. 21. Frequency Response of Non Resonant Mech-
anically Driven Device and Input Circuit.

Circuit Considerations—Non Resonant Mechanically Driven
Devices

For most practical circuit design purposes, a non-resonant piezo-

electric generator device, such as a microphone or a phonograph
pickup or accelerometer, together with the load on the device, may
be represented by the equivalent circuit of Fig. 20A, where Ce repre-

sents the capacitance of the piezoelectric element, R c is the shunt
leakage resistance of the device, C L is the shunt load capacitance,
and R l represents the load resistance. The values of the shunt
leakage resistance and the capacitance of the piezoelectric element
are dependent on the dimensions of the element and, in the case of

leakage resistance, also upon the dryness of the surface. Under
normal operating conditions, the value of this resistance is many
times greater than the normal load resistance, ranging from several

hundred megohms to many thousands of megohms. Generally,

except at very low frequencies, the capacitances in the circuit have
reactances very much lower than the circuit resistances. Under
these conditions, the circuit reduces to the simple capacitive voltage
divider circuit of Fig. 20B.

It can be seen from this circuit that the shunt load capacitance
(C L ) of wiring, cable, and amplifier input does not bring about a

relative loss of high frequency response as in the case of resistive

or inductive sources shunted by capacitive loads, but instead re-

duces the output at all frequencies (except very low frequencies as
discussed in the next paragraph).

By the application of elementary network theory, the basic circuit

of Fig. 20A can be reduced to the equivalent circuit of Fig. 20C which
is useful for analyzing the low frequency response. From this it can
be seen that when the combined reactance of the piezoelectric and
circuit capacitances in parallel approaches the combined resist-

ance, the low frequency response begins to fall off. This analogous
to the situation existing in conventional RC-coupled amplifiers.

The influence of the various circuit elements on frequency re-

sponse is shown in a group of response curves illustrated in Fig. 21.

It should be noted that the low frequency response can be ex-

tended, without increasing the shunt resistance, but at the expense
of general output level, by adding shunt capacitance. This is a com-
mon expedient in connection with very low frequency operation of

piezoelectric devices.

Circuit Considerations—Non Resonant Electrically Driven Devices
In the case of non-resonant piezoelectric devices such as head-
phones which are electricallydriven,the electrical impedance of the
device may, for most practical purposes, be considered to be purely

capacitive. For all frequencies well below the first mechanical res-

onance of the device, the electromechanical relationships are such
that the displacement of the piezoelectric element from its normal
position, at any instant, is directly proportional to the electric charge
applied at that instant. From the relationship that voltage = charge/
capacitance, it can be seen that the instantaneous displacement is

7



also directly proportional to the instantaneous applied voltage. Fig.

22 illustrates diagrammatically various basic circuit relationships

and the various response characteristics of piezoelectric devices

operating under these conditions.

It can be seen in Fig. 22A that “constant amplitude” operation

occurs when the piezoelectric device is driven by a low impedance or

“constant voltage” source. Fig. 22B shows that “constant velocity”

operation occurs when the device is driven by a high resistance or

“constant current” source. Fig. 22C shows that “constant ampli-

tude” operation also occurs when a piezoelectric device is driven by

a “constant charge” source, which may take the form, for example,

of a low impedance source in series with a small condenser.

Circuit Considerations—Resonant Devices

The electrical impedance of a piezoelectric device is in reality more

complicated than the simple capacitor representation generally

employed in discussing non resonant devices. A more proper repre-

sentation would be a capacitor representing the static capacitance

of the piezoelectric element, shunted by an impedance representing

the mechanical vibrating system. In most non resonant devices, the

latter impedance may be approximated by a capacitor. Therefore,

we have a capacitor in parallel with a capacitor— hence the single

capacitor representation.

In devices designed for operation at resonance, the impedance

representing the mechanical system may become, at resonance,

a resistance of relatively low value and this is shunted by the same
static capacitance.

The shunt static capacitance generally is undesirable, whether

the device is designed for operation at resonance or for broad band,

below resonance operation. In electrically driven devices, it shunts

the driving amplifier or other signal source requiring that the source

be capable of supplying extra current. In the case of mechanically

driven devices, the static capacitance acts as a load on the active

part of the transducer, reducing the electrical output.

In non-resonant devices, not much can be done about the shunt

capacitance, except choose a piezoelectric material having maxi-

mum activity. In resonant devices, however, the static capacitance

may be “neutralized” by employing a shunt or series inductor

chosen to resonate with the static capacitance at the operating

frequency. This is illustrated in Fig. 23.

PROPERTIES OF PIEZOELECTRIC MATERIALS

Axes

Piezoelectric materials are anisotropic—their electrical, mechanical,

and electromechanical properties differ for electrical or mechanical

excitation along different directions. Thus for systematic tabulation

of properties, we require a standardized means for identifying

directions. Where crystals are concerned, we use the orthogonal

axes originally assigned by crystallographers. However, we identify

the axes by numerals: 1 corresponds to x axis, 2 corresponds to

y axis, and 3 corresponds to z axis.

Piezoelectric ceramics are isotropic and are not piezoelectric

before poling. Once they are polarized, however, they become aniso-

tropic. The direction of the poling field is identified as the 3 direction.

In the plane perpendicular to the 3 axis, the ceramics are non-

directional. Accordingly, the 1 and 2 axes may be arbitrarily located

but, of course, they must be perpendicular to each other.
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Fig. 22. Frequency Response of Non Resonant Elec-

trically Driven Device with Different Drive Circuits.
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Fig. 23. Resonant Piezoelectric Device with Static

Capacitance “Neutralized" by Inductor.



Elastic Constants

In order to identify the directions of stress and strain, we add two
numerical subscripts to the symbol s for elastic compliance (strain/

stress). The first numeral indicates the direction of stress or strain

and the second numeral indicates the direction of strain or stress.

The symbol s with appropriate subscripts is used ONLY to identify

elastic behavior underthe specific condition thatall external stresses

not embraced by the symbol remain constant. Thus S13 is the

symbol for the ratio of strain in the 3 direction to the stress in the

1 direction, PROVIDED there is no change in stress in the 2 and 3

directions. It also is the symbol for the ratio of strain in'the 1 direction

to stress in the 3 direction, PROVIDED there is no change in stress

in the 1 and 2 directions.

The restriction regarding stresses in other directions deserves

emphasis. Suppose that a piezoelectric plate is clamped in a vise

which applies stress in the 3 direction. Now we apply stress to the

plate in the 1 direction and want to calculate the resulting strain in

the 1 direction. If the plate were not clamped in the vise, the stress

applied along the 1 axis would cause strain in the 1 direction equal

to Si 1 x the applied stress. In addition there would be strain in the

2 and 3 directions. The vise, however, tends to prevent the strain

in the 3 direction and in so doing, it applies stress in the 3 direction.

The development of this stress violates the requirement imposed
in the definition of Su that stresses in the 2 and 3 directions remain

constant and therefore Sn cannot be used to calculate the strain

in the 1 direction.

Now consider another example. This time the plate is resting on

the table and a weight is placed on top. The weight applies a stress

in the 3 direction. Now we apply a stress in the 1 direction and want

to calculate the resulting strain in the 1 direction. As a result of the

stress applied in the 1 direction, the plate experiences strain in the

3 direction lifting the weight slightly. However, stress in the 3 direc-

tion caused by the weight has not changed (except momentarily

while the weight was being lifted) and accordingly, the symbol Sn
is, in this case, appropriate for calculating the strain in the 1 direc-

tion resulting from application of stress in the 1 direction.

Shear stress or strain around the 1 axis is indicated by the sub-

script 4, and around the 2 axis by subscript 5, and around the 3 axis

by subscript 6. Thus, s44 is the ratio of shear strain around the 1

axis to shear stress around the 1 axis. A restriction requiring that

stresses not embraced by the symbol must remain constant is

theoretically applicable here also but, due to symmetry conditions

it is not applicable to shear compliances of ceramics or ADP crystals.

Since piezoelectric materials interchange mechanical (elastic) and

electrical energy, the elastic properties depend on electric boundary

conditions. For example, when electrodes on a bar of piezoelectric

material are connected together, the bar displays higher elastic

compliance than when the electrodes are not connected together.

Thus, in defining elastic properties, we must identify the electric

boundary conditions. This is done by adding a superscript to the

symbol. When the electric field across the piezoelectric body is held

constant, for example by short circuiting the electrodes, we use the

superscript e. When the electric charge density is held constant,

for example by maintaining an open circuit at the electrodes, we
use the superscript D. Thus s 3

E
3 is the symbol for the ratio strain to

stress along the 3 axis under the conditions that all other external

stresses are constant and the electric field is constant.



Dielectric Constants

In piezoelectric materials the dielectric constant e (dielectric dis-

placement or charge density/electric field) depends on the direc-

tions of field and dielectric displacement; therefore we add sub-

scripts to the symbol to indicate the directions. The first subscript

denotes the direction of the electric field or dielectric displacement
and the second subscript denotes the direction of the dielectric

displacement or electric field. Thus e33 is the ratio field applied in

the 3 direction to the resulting dielectric displacement in the 3

direction. In most piezoelectric materials employed in transducers,

a field along one axis results in dielectric displacement only along

the same axis so that the two subscripts for these materials are

always the same. (Of the materials discussed in this booklet, Lith-

ium Sulphate is the only exception.) Accordingly, one subscript

often is omitted, i.e. e3 means e33 .

Since piezoelectric materials interchange electrical and mechan-
ical energy, the electrical properties depend on mechanical bound-
ary conditions. When a piezoelectric body is completely free to

vibrate the dielectric constant is higher than when the body is

mechanically restrained. Accordingly, superscripts are added to the

symbol for dielectric constant to indicate the mechanical boundary
conditions. Superscript T denotes condition of constant stress (no
mechanical restraint). Superscripts denotes condition of constant
strain (material completely restrained to prevent any mechanical
deformation when field is applied—a condition that can be ap-

proached only under very special conditions). Thus is the dielec-

tric constant for field and dielectric displacement in the 1 direction

under the condition of constant stress on the body; and t^ is the

corresponding dielectric constant under the condition of constant
strain in the body.

The relative dielectric constant, sometimes identified by the

symbol K, is the ratio of absolute dielectric constant e to the dielec-

tric constant of a vacuum e0 (eQ = 8.85 x 10 12 farads/meter).

Piezoelectric Constants

The electromechanical constants commonly employed are coup-

ling k, strain constant d, and stress constant g. For each of these,

the directions of field, and stress or strain are indicated by two
subscripts. The first subscript indicates the direction of electric

field, and the second subscript indicates the direction of stress or

strain. As in the case of elastic constants, subscripts 4, 5, and 6

denote stress or strain around the 1, 2, and 3 axes respectively.

Coupling

Coupling is an expression for the ability of a piezoelectric material

to exchange electrical energy for mechanical energy or vice versa.

Coupling squared is equal to the transformed energy divided by the

total energy input and the same constant is applied for conversion

from electrical to mechanical energy, and from mechanical to

electrical energy.

Except in one special case noted below, the coupling coefficients

generally used and those given in this booklet are for the cases

where all external stresses (except the input stress considered in

the energy transformation) are constant. Example:

k 3 i
2= (transformed electrical energy causing mechanical strain

in the 1 direction when all external stresses are constant)

(electrical energy input to electrodes on faces perpen-

dicular to the 3 axis).



Also

k3i 2= (transformed mechanical energy causing electrical charge
to flow between connected electrodes on faces perpen-
dicular to the 3 axis) (mechanical energy input ac-
companying the application of stress in the 1 direction,

with all other external stresses constant).

A special case of considerable practical importance involves use
of thickness vibrations in ceramic plates or discs at frequencies
above the resonant frequencies determined by length and width of
the element. Under these conditions, the inertia of the piezoelectric
material effectively prevents lateral vibrations. The effect is the
same as though infinitely rigid clamps were applied to the plate to
prevent length and width vibrations. These clamps would apply
opposing dynamic stresses as the element “tried” to vibrate later-

ally. Thus the qualification “all external stresses are constant”
noted above is not met and accordingly, k 33 does not define the
electromechanical coupling under these conditions. The coupling
in this special case is identified by the symbol kt .

Another special case is of considerable importance. It involves
coupling between electric field in the 3 direction in ceramics and
mechanical action simultaneously in the 1 and 2 directions. This
coupling is identified by the symbol kp (planar coupling). It is im-
portant because of the ease with which it may be measured with
high accuracy, yielding a simple measure of the effectiveness of
poling of ceramic test specimens.

Piezoelectric (d) Constants

The d constants express the ratio of strain developed along or
around a specified axis, to the field applied parallel to a specified
axis, when all external stresses are constant. The d constants also
express the ratio of short circuit charge per unit area of electrode
flowing between connected electrodes which are perpendicular to a
specified axis, to the stress applied along or around a specified axis,

when all other external stresses are constant. Example: d 3J denotes
the ratio of strain in the 1 direction to the field applied in the 3

direction when the piezoelectric material is mechanically free in all

directions. It also denotes the ratio of charge per unit area of elec-

trode which flows between electrodes which are perpendicular to

the 3 axis and connected together, to the stress applied in the 1

direction, when the material is free of external stresses in all other
directions.

A special case is of interest in connection with piezoelectric ceram-
icsand Lithium Sulphate crystals. These materials develop substan-
tial charge when subjected to equal stresses along all three axes
(hydrostatic stress). The ratio of short circuit charge per unit area of
electrode to the applied hydrostatic stress is identified by the sym-
bol d h — the hydrostatic d constant. For ceramics, the electrodes are
understood to be perpendicular to the 3 axis and for lithium sul-

phate the electrodes are understood to be perpendicular to the
Y or 2 axis. A more descriptive symbol would seem to be d 3h or d 2 h,

but such designations have not been adopted.

Piezoelectric (g) Constants

The g constants express the ratio of field developed along a
specified axis to the stress applied along or around a specified axis
when all other external stresses are constant. The g constants also
express the ratio of strain developed along or around a specified
axis to the electric charge per unit area of electrode applied to
electrodes which are perpendicular to a specified axis. Example:

ii



g 3 3 denotes the ratio of field developed in the 3 direction to stress

applied in the 3 direction when all other external stresses are zero.

It also denotes the ratio of strain developed in the 3 direction to the

charge per unit area of electrode applied to electrodes on faces

perpendicular to the 3 axis.

Frequency Limitations

An important restriction must be observed in the use of the con-

stants discussed above to calculate the behavior of actual bodies

of piezoelectric material. If the stress, strain, electric field, and

dielectric displacement involved in the constants are uniform

throughout the body, then the constants may be used directly in

simple calculations. Example: When a static, or low frequency

alternating field is applied, the change in length of a piezoelectric

bar equals the appropriate d constant x applied field x length.

On the other hand, if the stress, field, etc. are not uniform through-

out the body, then the behavior of the body as a whole may be

determined only by integrating the behavior of all the incremental

portions of the body. In this case, the various constants discussed

above are used to relate stress, strain, field, charge density in each

increment.

The most common situation where non-uniform distribution of

stress, etc. is encountered, preventing simple bulk calculation, is

when the frequency of the electrical or mechanical excitation of the

body is at or close to the mechanical resonance frequency of the

body.

Frequency Constant

Frequency constant is the product of the mechanical resonant

frequency under specified electrical boundary conditions (short

circuit or open circuit) and the dimension which determines that

resonant frequency. It is applicable only to certain specific cases

of boundary conditions. For example, Ni for piezoelectric ceramics

applies only to a long, thin, narrow bar polarized perpendicular to

the length and measured with the polarizing electrodes connected

together. The same bar poled along the length will have a different

frequency constant. In this case the assigned designation N 3a ap-

plies when measurement is made with the electrodes open circuited.

Electrical Losses

Some piezoelectric materials, quartz for example, are high quality

dielectrics. Other piezoelectric materials, notably the piezoelectric

ceramics, are relatively lossy. The dielectric losses in ceramics may

be the limiting factor in the power handling capabilities of power

transducers. The losses are expressed as a dissipation factor—the

ratio of effective series resistance to effective series reactance.

. .tan s.

Mechanical Losses

When an elastic body is deformed, most of the mechanical energy

applied in causing the deformation is stored as elastic energy. How-

ever, a small part of the applied energy is dissipated as heat due to

“molecular friction”. In some applications of piezoelectric mate-

rials, such mechanical losses may become important, although

usually they are far outweighed by mechanical losses in other

elements of the piezoelectric device; in particular, in cement joints

between piezoelectric materials and driving or driven members.

Mechanical losses are expressed in terms of mechanical Q, which is

the ratio of mechanical stiffness reactance or mass reactance at

resonance to the mechanical resistance.
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Summary of Notations

The various notations, subscripts, and superscripts discussed
above are summarized and illustrated in Table I which includes,

also, notes as to limitations and special cases.

Aging

Most of the properties of piezoelectric ceramics change gradually

with time. The changes tend to be logarithmic with time after the

original polarization. For example, the dielectric constant 1 hour
after poling may be 1,000 and 10 hours after poling it may be 990. At
100 hours it will then be about 980, at 1000 hours about 970, and at

10,000 hours about 960. In this case, we would say that the dielectric

constant ages about 1% per time decade. The aging of various

properties depends on the ceramic composition and on the way the

ceramic is processed during manufacturing. Exact aging rates

cannot be specified. It is usual to specify that the aging of a given

property will be less than some limiting rate.

Because of aging, exact values for various properties such as
dielectric constant, coupling, and elastic modulus may be specified

only at a stated time after poling. It should be obvious that the

longer the time period that is allowed after poling, the more stable

the material becomes.

High Stresses

Most of the properties of piezoelectric ceramics vary with the level

of electrical or mechanical stress when such stresses are large. A
similar situation exists for some of the properties of Rochelle salt

crystal between about -18°Cand +24°C. Data commonly presented
for piezoelectric ceramics and crystals are for stress levels suffi-

ciently low for the results to be independent of stress. Specific data
are presented later in this booklet for high stress operation of

ceramics.

Curie Point

For each piezoelectric ceramic there is a characteristic temperature
called the Curie Point. When a ceramic element is heated above the
Curie Point, it suffers permanent and complete loss of piezoelectric

activity. Thus, for any ceramic the Curie Point is the absolute maxi-
mum temperature. In practice, the operating temperature must be
limited to some value substantially below the Curie Point because at

elevated temperatures the aging process is accelerated, electrical

losses increase, and the maximum safe stress is reduced.

Rochelle Salt crystal has two Curie Points; approximately —18°C

and +24°C, but does not suffer permanent loss of activity when
these temperatures are exceeded.

Units

In this booklet and in most modern texts and papers, the electrical,

mechanical, and electromechanical properties of piezoelectric

materials are expresses in rationalized mks units. The reader is

urged to resist the temptation to convert any of the constants to

other units. Experience has shown that conversion leads to errors

and confusion. An example will illustrate. From Tables II and III, for

PZT-5A, we find that

g 33 =24.8 x io- s
volts/meter

= 10
- 3

meters/meter
Newtons/meter 2 Coulombs/meter 2

The first expression indicates the open circuit voltage developed for

a given mechanical drive. The second expression indicates the
mechanical deformation resulting from a given electrical drive. They
are numerically identical.



Now, let’s convert the mechanical parts of these expressions to

the cgs system but keep the electrical units unchanged.

24 8 x 10-3
vo|ts/meter

" Newton/meter 2
24.8 x 10- 6

volts/cm

dyne/cm 2

24 3 x 10-3
meter/meter^.oxiu

Cou |omb/meter 2
24.8 x10V ,

m/C
h
m

-
2Coulomb/cm 2

Note that now the mechanical to electrical constant is numerically

different from the electrical to mechanical constant, the ratio being

10 7
. Aside from the complication of dealing with twice as many

constants when using cgs mechanical units we have the question

of how to deal with a transducer design that involves both electrical

to mechanical and mechanical to electrical conversion.

Use and Measurement of Constants

Most of the constants discussed above are MATERIAL constants.

Except in a few special cases, they cannot be used in any simple

manner to determine EXACT behavior of plates, discs, cylinders,

etc. as used in practical applications. For example, consider the

problem of calculating the low frequency, open circuit sensitivity of

the compression accelerometer of Fig. 9. For this purpose, the

device may be considered to be a rigid body so that all parts ex-

perience the same acceleration. Thus, when the device is subjected

to acceleration (a) in the direction shown (perpendicular to the faces

of the piezoelectric disc; i.e. the 3 direction), the mass M experi-

ences the acceleration (a). From elementary principles we know
that the force acting on the mass is F=Ma.

From the construction of the device, it is obvious that the force

F causing acceleration of the mass is applied to the piezoelectric

disc in the 3 direction.

Now, if we assume that no other forces act on the ceramic discs,

we may calculate the sensitivity as follows:

By definition
field developed in 3 direction

cr —
s stress applied in 3 direction

(all other external stresses constant)

For the accelerometer discs

_ Voltage developed/thickness
® 33 -

Force applied/electrode area

Now substituting F = Ma and rearranging

voltage developed

a
M g 3 3

thickness

area
Sensitivity

The sensitivity so calculated is an approximation chiefly because

of the assumption that the only force acting on the discs is the force

required to accelerate the mass. There are, in fact, other forces of

significant value acting on the discs.

When compressive force is applied to the piezoelectric disc in the

thickness direction, the disc tends to expand radially due to natural

elastic behavior. However, the discs are “attached” to the mass
and to the supporting base by adhesives or by frictional engage-

ment. Therefore, the natural tendency toward radial expansion

under thickness compression is interfered with by the radial stiff-

ness of the mass and the base. This results in reduced sensitivity.

If the restraint were complete, the sensitivity would be reduced to

about % of the calculated value (based on PZT-5).

To make accurate determinations of the various constants, it is

necessary to perform measurements on test specimens which are

proportioned to minimize undesirable effects such as the radial

stress effect in the above illustration. The necessary proportions of

test specimens and the measurements and calculations required
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to yield accurate data are detailed in “IRE Standards on Piezoelec-

tric Crystals, 1961, Proc. IRE, pp. 1162-1169, July, 1961” and Clevite

bulletin “Measuring Properties of Piezoelectric Ceramics”.

Specific Properties of Piezoelectric Ceramics

Piezoelectric ceramics commercially available from the Piezoelectric

Division, Clevite Corporation include Ceramic B, PZT-4, PZT-5A,

PZT-5H, and PZT-8.

Ceramic B is a modified Barium Titanate which offers improved

temperature stability and lower aging in comparison with unmodified

Barium Titanate.

“PZT” is a registered trademark employed by Clevite to identify a

family of Lead Zirconate— Lead Titanate compositions.

PZT-4 is used for high power acoustic radiating transducers be-

cause of its high resistance to depolarization and low dielectric

losses under high electric drive. Its high resistance to depolarization

under mechanical stress makes it suitable for use in deep-submer-

sion accoustic transducers and as the active element in electrical

power generating systems.

PZT-5A has high sensitivity, high time stability, and resistivity at

elevated temperatures. It is used in hydrophones and instrument

applications.

PZT-5H has higher sensitivity and higher dielectric constant than

PZT-5A and is in most other respects similarto PZT-5A. Its markedly

lower Curie point, however, limits the working temperature range

and leads to lower temperature stability.

PZT-8 is a high power material generally similar to PZT-4 but it

has much lower dielectric losses under high electric drive and

has greater resistance to depolarization. PZT-8 has somewhat
lower dielectric constant and coupling.

Comparison of the above materials at room temperature may be

made roughly using the table below, with the material with the

highest value rated 100% and the others in proportion. For more
exact comparison, refer to the detailed tables which follow.

Cer. B PZT-4 PZT-5A PZT-5H PZT-8

% of Highest Rated Ceramic

Coupling 51 89 92 100 77

Short circuit sensitivity (d 33) 25 49 63 100 36

Open circuit sensitivity (g33 )

Relative dielectric

54 100 95 75 94

constant, free (e3
T
3/«o) 35 38 50 100 29

Compliance (S3
E
3 )

Field for dissipation

44 75 91 100 67

factor =4%
Strain (non resonant) @

17 40 5 3 100

field for dissipation
factor = 4% 12 54 8 8 100

Mechanical Q 40 50 8 7 100

Curie Point

Approximate maximum
115°C 328°C 365°C 193°C

125°C

300°C

175°Coperating temperature 70°C 200°C 250°C

Specific data for these ceramics are given in Tables II to VI inch

Table II describes the symbols and units used in succeeding

tables.

Table III lists room temperature, low signal data. These properties

are subject to some fluctuations from piece to piece, and from batch

to batch.


